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Abstract 

We study the low energy phenomenology of the little Higgs model. We first discuss the linearized 
effective theory of the "littlest Higgs model" and study the low energy constraints on the model 
parameters. We identify sources of the corrections to low energy observables, discuss model-dependent 
arbitrariness, and outline some possible directions of extensions of the model in order to evade the 
precision electroweak constraints. We then explore the characteristic signatures to test the model in 
the current and future collider experiments. We find that the LHC has great potential to discover 
the new SU(2) gauge bosons and the possible new £7(1) gauge boson to the multi-TeV mass scale. 
Other states such as the colored vector dike quark T and doubly-charged Higgs boson <3> ++ may also 
provide interesting signals. At a linear collider, precision measurements on the triple gauge boson 
couplings could be sensitive to the new physics scale of a few TeV. We provide a comprehensive list 
of the linearized interactions and vertices for the littlest Higgs model in the appendices. 
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I. INTRODUCTION 



One of the major motivations for physics beyond the Standard Model (SM) is to resolve 
the hierarchy and fine-tuning problems between the electroweak scale and the Planck scale. 
Supersymmetric theories introduce an extended space-time symmetry and quadratically diver- 
gent quantum corrections are canceled due to the symmetry between the bosonic and fermionic 
partners. This naturally stabilizes the electroweak scale against the large corrections in the 
ultra-violet (UV) regime. Technicolor theories introduce new strong dynamics at scales not 
much above the electroweak scale, thus defer the hierarchy problem. Theories with TeV scale 
quantum gravity reinterpret the problem completely by lowering the fundamental Planck scale. 
Current and future collider experiments will provide hints to tell us which may be the ultimately 
correct path. 

Recently, there has been a new formulation for the physics of electroweak symmetry breaking, 
dubbed the "little Higgs" models 0, H, 0, 0, H, E| • The key ideas of the little Higgs theory may 
be summarized by the following points: 



• The Higgs fields are Goldstone bosons [?i H, El EH 11, 13, lH> associated with some global 
symmetry breaking at a higher scale A^; 

• The Higgs fields acquire a mass and become pseudo- Goldstone bosons via symmetry 
breaking (possibly radiatively) at the electroweak scale; 

• The Higgs fields remain light, being protected by the approximate global symmetry and 
free from 1-loop quadratic sensitivity to the cutoff scale A$. 

The scalar mass in a generic quantum field theory will receive quadratically divergent radiative 
corrections all the way up to the cut-off scale. The little Higgs model solves this problem by 
eliminating the lowest order contributions via the presence of a partially broken global sym- 
metry. The non-linear transformation of the Higgs fields under this global symmetry prohibits 
the existence of a Higgs mass term of the form m 2 \h\ 2 . This can also be illustrated in a more 
intuitive way: Besides the Standard Model gauge bosons, there are a set of heavy gauge bosons 
with the same gauge quantum numbers. The gauge couplings to the Higgs bosons are patterned 
in such a way that the quadratic divergence induced by the SM gauge boson loops are canceled 
by the quadratic divergence induced by the heavy gauge bosons at one loop level. One also 
introduces a heavy fermionic state which couples to the Higgs field in a specific way, so that 
the 1-loop quadratic divergence induced by the top-quark Yukawa coupling to the Higgs boson 
is canceled. Furthermore, extra Higgs fields exist as the Goldstone boson multiplets from the 
global symmetry breaking. 

It is interesting to note that, unlike the supersymmetry relations between the bosons and 
fermions, the cancellations of the quadratic divergence in the little Higgs model occur between 
particles with the same statistics: divergences due to gauge bosons are canceled by new gauge 
bosons and similarly for the heavy quarks. A scale less than several TeV and the specification 
of the couplings to the Higgs boson are necessary requirements for the model to avoid fine- 
tuning. These features could lead to distinctive experimental signatures, which is the subject 
for the current work. The paper is organized as follows. In Sec. |H1 we lay out a concrete 
model as proposed in |4|. We linearize the theory and discuss the important features. In 
Sec. IIII[ we explore the characteristic phenomenology of this model. Regarding the constraints 
from the precision electroweak data, we explore the properties associated with the custodial 
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SU (2) breaking and the sources which lead to the large corrections to low-energy observables 
in the model. We identify the arbitrariness in particular related to the U(l) sector. We then 
outline the possible fine-tunings or directions of extensions of the model in order to evade the 
precision electroweak constraints. We also study the characteristic signals at the future collider 
experiments at the LHC and a linear collider. We summarize our results in Sec. II VI We present 
the detailed derivation and the Feynman rules of the littlest Higgs model in two appendices. 

II. THE FRAMEWORK OF THE LITTLEST HIGGS MODEL 

An explicit model has been constructed based on the idea of the little Higgs models, dubbed 
the "littlest Higgs model" 0]. It begins with SU(5) global symmetry, with a locally gauged 
subgroup G x ® G 2 = [SU(2) 1 <g> t/(l)i] <8> [SU(2) 2 <8> ^(1)2]- The phase transitions associated 
with the symmetry breaking in this model proceed in two stages: 

1. At scale A s , the global symmetry SU(5) is spontaneously broken down to its subgroup 
SO (5) via a vev of order /. Naive Dimensional Analysis [1J, [la, [ly] establishes a simple 
relation A5 ~ 47r/. At the same time, the gauge symmetry [577(2) <8> U(l)} 2 is also broken 
into its diagonal subgroup SU(2)i ® U(1)y, identified as the SM gauge group. The 
global symmetry breaking leaves 14 massless Goldstone bosons which transform under 

the electroweak gauge group as a real singlet lo, a real triplet 3o, a complex doublet 2 . 1 , 

2 

and a complex triplet 3±i. The real singlet and the real triplet become the longitudinal 
components of the gauge bosons associated with the broken gauge groups, giving them 
masses of the order /, while the complex doublet and the complex triplet remain massless 
at this stage. 

2. The presence of gauge and Yukawa couplings that break the global 50(5) symmetry 
will induce a Coleman- Weinberg ^3] type potential for the remaining pseudo- Goldstone 
bosons. In particular, it will give the complex triplet a heavy mass of the order / and 
give the neutral component of the complex doublet a non-vanishing vacuum expectation 
value (vev) v which in turn triggers the electroweak symmetry breaking. 

Before we lay out the effective field theory below the scale of A s for the littlest Higgs model, 
we note that some matching procedure for the operators that are sensitive to physics at higher 
energies will eventually be needed. Namely, one would need to consider the UV origin of the 
theory above Ag. We will not attempt to explore the UV completion of the theory in this paper 
but rather refer the reader to some discussions in the literature 0,0). 

A. Scalar and Gauge Boson Sector 

1. Gauge Bosons and Pseudo- Goldstone Bosons 

At the scale As, a vev / breaks the assumed global SU(5) symmetry into its subgroup 
50(5), resulting in 14 Goldstone bosons. The effective field theory of those Goldstone bosons is 
parameterized by a non-linear a-model with a gauge symmetry [577(2) ®U(l)} 2 , spontaneously 
broken down to the Standard Model gauge group. In particular, the Lagrangian will still 
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preserve the full [577(2) (g> U(l)} 2 gauge symmetry. The leading order dimension-two term in 
the non-linear cr-model can be written for the scalar sector as Wl 



1 f 2 

£ s = -— Tr|£> £| 2 . 
^ 2 4 1 M 1 



(1) 



The numerical coefficients have been chosen so that the scalar kinetic terms are canonically 
normalized. The covariant derivative is defined as 



i=i 



(2) 



To linearize the theory, one can expand £ in powers of 1/f around its vacuum expectation 
value So 



2% 
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h* n h 
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(3) 



where h is a doublet and is a triplet under the unbroken 577(2). The appearance of the S 
breaks the local gauge symmetry [577 (2) ® ?7(1)] 2 into its diagonal subgroup [577(2) £g> U(1)]sm, 
giving rise to mass of order / for half of the gauge bosons 



f 



2^5 



g? + g'i 



2y/Es'd 



(4) 



with the field rotation to the mass eigenstates given by 



W — sWi + cW 2 , 
77 = s'B 1 + c'77 2 , 



W = -cW 1 + sW 2 
B' = -c'B 1 + s'B 2 . 



(5) 



The mixing angles are given by 



g-2 



92 



gi+gl 



g? + g? 



(6) 



The W and 77 remain massless and are identified as the SM gauge bosons, with couplings 

g = gis = g 2 c, g' = g[s' = g' 2 d. (7) 

The couplings of W, W to two scalars are given by: 



9_ 
4 

i_ 
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Tr 
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h j hS ab + 2$ct>5 ah + 2a a ^a bT 
2a a ^a bT 



ii;;'ir""'Tr 

2s 2 c 2 M 



(8) 



In the SM, the four-point couplings of the form WWh^h lead to a quadratically divergent 
contribution to the Higgs mass. In the littlest Higgs model, however, the W'W'h^h coupling 
has an unusual form as seen in Eq. (jHJ), which serves to exactly cancel the quadratic divergence 
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in the Higgs mass arising from the seagull diagram involving a W boson loop. Similarly, the 
couplings of B, B' to two scalars are: 



£ E (5 • B) = g 



r'2 
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(9) 



We see that the B'B' coupling to h'h serves to exactly cancel the quadratic divergence in the 
Higgs mass arising from the seagull diagram involving a B boson loop. Note that terms of 
the form Wdhh would not produce a quadratic divergence by power counting. This absence 
of the quadratically divergent Higgs mass term at one-loop order can also be understood by a 
set of global symmetries under which the Higgs doublet transforms non-linearly and which is 
preserved partially by the various interactions in the effective Lagrangian at scale As 0]. 

This cancellation may not follow one's intuition at first sight. It turns out that the appear- 
ance of the different sign between the two SU(2)'s (or U(l)'s) can be traced back to the unique 
pattern of gauge symmetry breaking. For instance, the broken generators (associated with W) 
are 



gi 



gi 



{glQl - glQD 



(10) 



which do not satisfy the standard SU(2) commutation relations. Technically, this is the reason 
for the unusual negative sign of the gauge couplings of the Higgs boson to W (B'). 



2. Higgs Bosons and the Electroweak Symmetry Breaking 

The electroweak symmetry breaking in this model is triggered by the Higgs potential gener- 
ated by one-loop radiative corrections. The Higgs potential includes the parts generated by the 
gauge boson loops as well as the fermion loops. They can be presented in the standard form of 
the Coleman- Weinberg potential in terms of M^(E) and M 2 (£). By expanding the nonlinear 
cr-model field £ as usual, we obtain the Higgs potential 

V = A 02 / 2 Tr(0V) + i\ Hh f (h^h T - h*0) - /i 2 /i/it + \ h 4hrf) 2 , (11) 

where the coefficients A^, A/^, and A^4 are functions of the fundamental parameters in this 
model (the gauge couplings, top-quark Yukawa coupling, and two new coefficients a, a' in the 
Coleman- Weinberg potential), as explicitly given in Eq. (jA24|) in the appendix. There could 
exist important two-loop contributions to the Higgs potential. A term like A|/i 2 /(167r 2 ) 2 ~ 
f 2 h 2 / (167r 2 ) gives rise to a mass term for hlv which could be as large as the one-loop Coleman- 
Weinberg potential contribution. We will not attempt to evaluate these two-loop contributions 
explicitly in terms of model parameters. Instead, the Higgs mass parameter fi 2 should be 
treated as a new free parameter of the order of / 2 /167r 2 . 

Minimizing the potential to obtain the doublet and triplet vevs v and v', it is easy to arrive 
at a relation (see the Appendix for details): 

^h(j>h _ ^h(j>h _ 8v ' f , 
X h i A02 V V 
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Diagonalizing the Higgs mass matrix, we obtain Higgs masses to the leading order 



Ml ~ X^f 2 , m 2 H ~ 2 (A,4 - A^/A 02 ) V 2 = 2/i 2 . (13) 

Note that we must have A^2 > to avoid generating a triplet vev of order /, in gross violation 
of experimental constraints. Also, we must have \ h i > A^/A^ in order to get the correct 
vacuum for the electro- weak symmetry breaking (EWSB) with m 2 H > 0. The masses of the 
triplet states are degenerate at this order. We can further relate the masses by 

. 2m 2 / 2 1 . , 

Ml = — (14) 

* v 2 [1 - (Av'f/v 2 ) 2 } V } 

We can thus express all four parameters in the Higgs potential, to leading order, in terms of 
the physical parameters /, ml, v, and v' . As a side product, we obtain a relation among the 
vevs by demanding the triplet mass squared to be positive definite 

v' 2 v 2 , , 

ifl < w (15) 

It is informative to note that the couplings of the Higgs triplet to the massive gauge bosons are 
relatively suppressed by v'/v; while the charged Higgs boson couplings to a photon are of the 
full electromagnetic strength. 

Now let us estimate the naturalness bound on the scale / for keeping ran light. We have 
the generic expression for 



m 



f f 

H = 2/i ~ Ql-loop Tg 9 + Q2-loo P l „ 9 , (16) 



with both ai_i oop (we have absorbed a factor of log(167r 2 ) into the definition of ai_i oop ) and 
«2-ioop containing many contributions (terms) from different interactions. Assuming that there 
is no large cancellation and ml is no less than 10% of the magnitude of the largest term on 
the right-hand side of Eq. ([16)1. we obtain a rough estimate of the natural scale 



^ Airmn 8 TeV / mu \ 

max 

V200 GeV/ 



(17) 



where a max denotes the largest coefficient of the terms in Eq. (|16|l which could be of the order 
of 10. 



3. Gauge Boson Mass Eigenstates 

The EWSB induces further mixing between the light and heavy gauge bosons. The final 
mass eigenstates for the charged gauge bosons are Wl (light) and Wh (heavy), with masses to 
the order of v 2 /f 2 given by 
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(18) 
(19) 
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where the mass parameter m w = gv/2 approaches the SM VT-boson mass when / — > oo. Note 
that the Wl mass gets a correction at order v 2 /f 2 , which will modify the relation among the 
W mass, g, and Gf- The neutral gauge boson masses are similarly given by 
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0. 
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5s /2 c /2 f 2 
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s 2 c 2 f 2 



1 



4s 2 c 2 s 2 v 

2 \ 



s' 2 d 2 c 2 



(20) 
(21) 
(22) 



where m z = gv/(2c w ) is the SM limit when / — > oo. Again, the Zj, mass gets a correction 
at order v 2 /f 2 . x H characterizes the heavy gauge boson mixing and depends on the gauge 
couplings as given in the appendix. 

The ratio of the Wl and Zl boson masses (which are identified as those experimentally 
observed), to order v 2 / f 2 , is: 



M 



W 7 



,'2 



1 + 



J2 



'2\2 



/ 2 4' 



(23) 



The breaking of the custodial SU(2) symmetry at order v 2 /f 2 in this model is manifest. The 
tree-level SM relation M^/M§ = c 2 w (or p = 1) is no longer valid. This breaking of the 
custodial SU(2) symmetry can be traced back to the vacuum expectation value of S. As shown 
in Eq. (jA7|) . the 0(1/ f 2 ) term in the expansion has its h'h vev in the position of the neutral 
component of the scalar triplet in the 0(1/ f) term in the expansion. Thus the h vev acts like 
a triplet vev at order v 2 / f 2 . The U(l) gauge coupling of the triplet also breaks the custodial 
SU (2) at the order v' 2 /v 2 . It is also interesting to note that for the case of no mixing s' = d (or 
9i = 92,) an d v' = 0, the W, Z mass ratio remains the SM form. We will discuss the theoretical 
origin of the custodial SU (2) symmetry breaking in more detail in Sec. Ill CI 



B. Fermions and Their Interactions 



1. Yukawa Interactions 

The Standard Model fermions acquire their masses through the Higgs mechanism via Yukawa 
interactions. Due to its large Yukawa coupling to the Higgs field, the top quark introduces a 
quadratic correction to the Higgs boson mass of the order y 2 h%/(lQn 2 ) ~ f 2 and spoils the 
naturalness of a light Higgs boson. In the littlest Higgs model j^, this problem is resolved by 
introducing a new set of heavy fermions with couplings to the Higgs field such that it cancels 
the quadratic divergence due to the top quark. The new fermions come in as a vector-like pair, 
t and t' c , with quantum numbers (3,1)^ and (3,1)-^. Therefore, they are allowed to have 
a bare mass term which is chosen to be of order /. The coupling of the Standard Model top 
quark to the pseudo-Goldstone bosons and the heavy vector pair in the littlest Higgs model is 
chosen to be 

£y = -\ife ijk e xy Xi^jx^kyu'^ + A 2 /t? c + h.c, (24) 
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where \i — ipZiH^) an d e ijk and e xy are antisymmetric tensors. It is now straightforward to 
work out the Higgs-heavy quark interactions, as given in Appendix IA 41 The most important 
consequence is the cancellation of the quadratically divergent corrections to the Higgs mass due 
to t 3 , t, U3 at the one-loop order explicitly seen in Eq. (jA39|) . 



iX 1 {V2h% + ift- -h°h°*t)u'^ + h.c. 



This is due to the flavor (anti) symmetry introduced in Eq. ([24)1 . The mass of the vector-like 
quark is arbitrary in principle. It is chosen by hand as A2/ to preserve naturalness. It is a tuning 
in this sense. However, once we make this choice, it is stable against radiative corrections. The 
new model-parameters Ai, A2 are supposed to be of the order of unity. 

Expanding the £ field and diagonalizing the mass matrix, we obtain our physical states 
£l, t c R , Tl and T£ with masses 



C f = -m t t L t c R - M T T L T] 



where, up to order v 2 /f 2 relative to the leading term, 



m t 



M 7 




1 

3 



v 



R 



A? 



(25) 



1 f 2A? + A| 



A? 
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A/A? + A| l + 0(v 2 /f 



Since the top-quark mass is already known in the SM, we have the approximate relation 

a; + ai Km,) ■ 

which gives the absolute bounds on the couplings 

2 



(26) 



(27) 



Ai> 



m t 



A 2 > 



or AiA 2 > 2 



m t \' 
v J 



(28) 



The scalar interactions with the up-type quarks of the first two generations can be chosen 
to take the same form as in Eq. (|24jl . except that there is no need for the extra vector-like 
quarks t,t lc . The interactions with the down-type quarks and leptons of the three generations 
are generated by a similar Lagrangian, as given in Appendix IA 41 

We choose the Standard Model fermions to be charged only under £77(2) 1 with generator 
Q\. The £77(2) gauge invariance of Eq. (|2*4*|) is transparent: The first term is actually invariant 
under an £77(3) rotation under which \i transforms like a vector and S is transformed by a 
3x3 unitary rotation embedded in the upper corner of the 5x5 matrix. 

The embedding of the two Z7(l)'s in this model can also be constructed by the gauge invari- 
ance of Ly. The basic requirement is to reproduce the diagonal U{l)y as the SM hypercharge 



Y 1 + Y 2 = Y. 



(29) 



Some remarks are in order: 
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5 — 2/u 




Y 2 


15 + Vu 


— 3 - y« 


— 15 — 2/u 




1 - Ve 


15 + y« 


- 15 — y« 



TABLE I: Fermion £/(l) hypercharge assignments required for fermion couplings to scalars to be 
invariant under [SU(2) ® J7(l)]i ® [Si7(2) <g> U(l)] 2 . 

1. The gauge invariance of Eq. (|2*4")l under U(l)i <S> {7(1)2 dictates the hypercharge assign- 
ments of the fermions, which is the major difference between our scheme and those in the 
literature (l9ll2oj. where the SM fermions are assumed to be charged only under one U(l) 
gauge group. Giving up the requirement of gauge invariance of U(l)i ® {7(1)2 should be 
acceptable in principle, for example, by introducing extra fields breaking the Z7(l)'s at a 
scale Ag. However, this is an additional complication of the littlest Higgs model which 
may need extra arguments for its naturalness. 

2. The gauge invariance of Eq. (|24j) alone cannot unambiguously fix all the {7(1) charge 
values. We list them in Table Two parameters y u and y e are undetermined. They 
can be fixed by requiring that the {7(1) charge assignments be anomaly free, i.e., Y\ = 
xY, Y2 — (1 — x)Y. This leads to the particular values 

2 3 
Vu = —=, Ve = -• (30) 
5 5 

However, as an effective field theory below a cutoff, it is unnecessary to be completely 
anomaly free, although it is certainly a desirable property from a model building point of 
view since we do not have to introduce specific type of extra matter at the cutoff scale. In 
this sense, y u and y e can be thought of as partially parameterizing the model dependence 
of the i7(l) sector of some extension of the littlest Higgs model. In our current study, 
we choose not to be limited by the requirement of anomaly cancellation and indicate the 
anomaly free assignment as a special case. 

3. It is convenient and simple to assume that the first two generations of quarks also obtain 
their masses through a coupling similar to the first term in Eq. (|24j) . However, this 
requires some tuning of the parameters to get the correct fermion mass hierarchy. It is 
certainly no worse than the tuning of the Yukawa couplings in the Standard Model. On 
the other hand, it might be interesting to postulate that the mass terms of the first two 
generations actually come from higher dimensional operators of the form qqO/A^, where 
O is some operator obtaining a vev of mass dimension (n + 1). The fields in operator 
O can have different origins for different generations. Depending on its form and field 
content, we can again have some relations of the {7(1) charge assignments different from 
the third generation. In particular, if the operator O is composed of the vevs of the 
pseudo-Goldstone bosons in S, some relations can be derived. However, these relations 
are much less constrained so that we can effectively treat the hypercharge of the first two 
generations of fermions as free parameters with the only constraint Y\ + Y2 — Y. If we 
further impose the anomaly cancellation condition, we can assign only a discrete set of 
possible values. 

With these possibilities in mind, the phenomenological study of the couplings of the {7(1) 
currents may contain large uncertainties due to model-dependence. We choose to study the 
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rather simple case in which all three generations obtain their masses from the same type of 
gauge invariant operator as the first term in Eq. (|24|) . 



2. Fermion Gauge Interactions 

Assuming the fermions transform under G\ Cg> G2 analogous to the SM, the fermion gauge 
interactions can be constructed in a standard way, as given in the appendix. The SM weak- 
boson couplings to fermions receive corrections of the order v 2 /f 2 , while the electromagnetic 
coupling remains unchanged, as required by the unbroken electromagnetic gauge interaction. 
There are new heavy gauge bosons to mediate new gauge interactions. 

For the gauge couplings involving the top quark, we must include the mixing between the 
chiral t 3 and the vector-like t. Since these fermions have different SU(2) <g> U(l) quantum 
numbers, their mixing will lead to flavor changing neutral currents mediated by the Zl boson 
formally at the order of v/f. The two right-handed fermions, and t c , have the same quantum 
numbers under the Standard Model SU(2) <S> U(l) gauge groups, so that their mixing does not 
cause any FCNC gauge couplings involving the light gauge bosons. A similar argument is 
applicable to the charged current, which gets modified as 



7+M _ J_ 

~V2 



c L i L ^b L + s L f L ^b L , (31) 



where cl, sl are given in Eq. (|A44J) . It is useful for future phenomenological studies to write 
the mixing to order v/f as 

Sr~^^ (32) 

SL -\ 2 M T {62) 

We will also assume that the first two generations get their masses through normal Yukawa 
couplings which reproduce, to the leading order in v/f, the usual CKM matrix. However, 
because of the mixing of the SU(2) doublet state £3 into the heavier mass eigenstate Tl, the 
CKM matrix involving only the SM quarks is no longer unitary and the leading deviation occurs 
at the order v 2 / f 2 , as given by 



V tb - c L V tb -V tb ( 1 - 



x 2 



1 - _ v T/ SM _ T/ SM^1 m t , 00 . 

V Tb - s L V tb - V tb -—. (33) 

It is apparent from the Feynman rules in Appendix B how the heavy fermion T couples to 
other particles. T R ti,H has a coupling of order one (not suppressed by any powers of v/f), and 
the couplings to SM gauge bosons are formally suppressed by v/f. However the couplings to 
the longitudinally polarized gauge bosons gain an enhanced factor f/v , resulting in an effective 
coupling the same strength as that to H. We will discuss the phenomenological implications 
in Sec. iHTDl 



C. On the SU(2) Custodial Symmetry 

An immediate question for an extended model is the possible tree-level violation of the 
SU (2) custodial symmetry and therefore potentially large deviations from the SM prediction 
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for the p parameter. We briefly touched upon this issue when we presented the W, Z masses 
with Eq. (|23|). We now comment on the general features of little Higgs models in this regard, 
but will discuss the numerical constraints on the littlest Higgs model and the possible ways to 
evade the constraints in the next phenomenology section. 

It is instructive to compare the littlest Higgs model with the Georgi-Kaplan composite Higgs 
model In that model, which also has a global symmetry breaking pattern 377(5) — > SO (5), 
only one of the SU(2) symmetries is gauged while the other is used as the 577 (2) custodial global 
symmetry. Therefore, we might expect that the littlest Higgs model, where both of the S77(2)'s 
are gauged, will violate the custodial symmetry that protects the tree-level relation of the W 
and Z masses, and p — 1. The absence of the custodial SU(2) symmetry is indeed true: Within 
the framework of 577(5) — > 50(5) and gauging both 577(2) subgroups, it is not possible to have 
another global custodial SU (2) symmetry. 

There are three sources of custodial symmetry violation in this model. First, it is very 
interesting to note that although the masses of both the SM-like gauge bosons W and Z are 
shifted due to their mixing with the heavy SU(2) gauge bosons, see e.g. the c 2 , s 2 terms in 
Eqs. (|18|) and (|2(J|) . the mass ratio still remains unchanged from that in the Standard Model. 
Therefore, gauging the second SU(2) does not give rise to tree-level corrections to the mass 
ratio. However, there are indeed some new tree-level contributions to the effective p parameter 
defined through the neutral current couplings, coming from the exchange of the new heavy 
gauge bosons which in turn induce new four-fermion interactions. 

Second, the two ?7(l)'s in the littlest Higgs model violate the custodial symmetry. One 
combination of them is actually the Standard Model hypercharge so the violation is similar to 
that in the Standard Model. However, the other combination does introduce new tree-level 
custodial symmetry violation. It is interesting to compare it with the Georgi-Kaplan model 
[Tol | . where there is an explicitly conserved SU(2) custodial symmetry broken only by the 
usual U(l)y- One important difference is that the U{1)a introduced in Ref. to drive the 
electroweak symmetry breaking is chosen to actually preserve the custodial SU (2) symmetry. 
Therefore, in their model even radiative corrections from the new U(l) do not introduce new 
custodial symmetry violation. 

Finally, the Higgs triplet coupling to the SU{2) gauge bosons does not have the SU{2) 
custodial symmetry. However, for the parameter space of this model, the triplet only gets a 
much smaller vev (v') than the doublet and the correction from the triplet in the form of v' 2 /v 2 
is smaller than that from the Higgs doublet vev. 

We will discuss the implications of the exchange of heavy SU(2) ® £7(1) gauge bosons and 
the existence of the triplet vev on the electroweak precision measurements, as well as possible 
modifications of the littlest Higgs model, in Sec lHI E>T1 

III. PHENOMENOLOGY OF THE LITTLEST HIGGS MODEL 

We have presented a linearized theory based on the littlest Higgs model 0] and discussed 
some of its main features. It would be ultimately desirable if some of its qualitative features can 
be experimentally verified. For this purpose, we explore the phenomenology in this section. We 
first summarize the model parameters and their relevant ranges. We then discuss the low energy 
constraints and possible directions of extension of the model to evade the constraints. With the 
possible and even desirable extensions of the model in mind, we will focus our phenomenological 
studies on the generic features which will likely be present even in some extensions of the 
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model. The existence of the heavy gauge bosons is generic if the one-loop quadratic divergence 
is canceled using the little Higgs idea. The presence of the heavy fermions is also a necessary 
ingredient to control the contribution of the top loop. For a model in which the Higgs doublet 
is a pseudo-Goldstone boson resulting from a global symmetry breaking, most likely the Higgs 
sector would not be minimal and extra scalar states will be present. 



A. Parameters in the Littlest Higgs Model 

1. Couplings 

Due to the enlarged gauge group [SU(2)\ ® U(l)i] ® [SU(2) 2 ® 11(1)^, there are four gauge 
couplings g\, g 2 , g[, and g' 2 . Upon identifying the diagonal part as the SM gauge group, whose 
couplings are experimentally determined, we obtain the relations: 

1111 1111 

7 + 7 2 ~ Viols' ^ + ^"^^ol2' (34) 

or equivalently given by Eq. 0. 

Top quark and heavy vector-like quark couplings Ai and A2 are related to give the SM top 
Yukawa coupling and thereby the correct top-quark mass. This is given by Eq. ()27)1 as 



+ (35) 



The proportionality constants a and a' in the EWSB sector from the Coleman- Weinberg 
potential, as discussed in appendix IA 21 remain as free parameters. They enter the Higgs 
potential which determines the Higgs boson masses and their couplings. Their values again 
depend on the matching condition performed at the scale As which in turn depends on the 
details of the UV completion. Neither the limits on a and a' nor the direct measurements 
of both of them can tell us directly what the UV completion is. However, some numerical 
knowledge about them will give us very useful hints of the possible structure of the UV theory. 
As we will discuss later, they can be traded for other physical observable parameters. 



2. Heavy masses 

By construction, all of the new states (the heavy gauge bosons, the vector-like top quark, 
and the triplet Higgs boson) acquire masses of the order /, modulo their couplings to the 
mass-generation sector. These mass terms were discussed in the previous section. To gain a 
qualitative understanding, based on Eqs. (fT§j) . (}2"Tj) and (|2^j) . we approximate the mass relations 
for the heavy gauge bosons as 

M 2 Wh « M 2 Zh > m 2 w ^-, M\ H > ml tan 2 9 W ^. (36) 
As for the heavy quark mass in Eq. (|26|). we have 



M T » —X l X 2 f > ^f. (37) 
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FIG. 1: Theoretical lower bounds on the heavy state masses versus the scale f/v (bottom axis) or / 
in TeV (top axis). For M$, we obtain the lower bound by assuming m# > 115 GeV; the long-dashed 
curve is indistinguishable from that of Myy H ■ 

The masses of the heavy triplet Higgs bosons are given in Eq. (|14j) . At leading order all three 
physical states $°, $ + , and $ ++ are degenerate in mass. The lower bound can be obtained as 
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We plot the lower bounds on the masses in Fig. [T] versus / (top axis) or versus f/v (bottom 
axis). We see that the U(l) gauge boson Ah can be as light as a few hundred GeV due to the 
weaker hypercharge coupling. The SU{2) gauge bosons Wh and Z H are mass-degenerate and 
are of the order of a TeV. The vector-like new quark T is typically heavier and is easily in the 
range of multi-TeV. The bound on M$ depends on the light Higgs mass m H . We obtain the 
lower bound by assuming mn > 115 GeV. The curve is indistinguishable from that of My/ H - 

To summarize this section, the new independent parameters in the littlest Higgs model are 
listed as: 

1. gauge couplings g2, g' 2 or equivalently s, s'. For convenience in our phenomenological 
studies, we will take 



10 



< cot 9 



< 2, 



10 



< tan0' 



< 2; 



(39) 



2. the symmetry breaking scales / and v'\ These are roughly related to the (approximate) 
SM vev by v'/v < v/4f; 
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3. new couplings in the Higgs potential a, a' and the \i parameter: In principle, these can 
be traded for rriH (and v, v') after minimizing the potential; 



4. new top Yukawa coupling A2: We trade it for Mt- 



B. Low Energy Effects 

The little Higgs model contains new matter content and interactions which will contribute 
to the electroweak precision observables. Due to the excellent agreement between the Standard 
Model theory and the precision measurements at energies below the electroweak scale, one would 
expect to put significant constraints on the little Higgs models. Indeed, stringent constraints 
have been obtained in recent studies [3, 2(|. Here we discuss the origin of some of the most 



stringent constraints, identify the arbitrariness in particular related to the U(l) sector, and 
suggest possible ways to suppress those extra contributions either by tuning the parameters of 
the model or by extending it. 



1. Low-energy constraints on and possible directions of extension to the littlest Higgs model 

We begin with a schematic review of how extra corrections from the little Higgs model may 
be computed. While there are many parameters in the electroweak sector in the littlest Higgs 
model, we will use the measured values of M z , Gp and a as input to the fit. Consider an 
electroweak precision observable Oj. In the Standard Model, it can be written as a function 
Of M = Of M (M Zl Gp, a). We then express the inputs M z , Gp and a in terms of the parameters 
in the little Higgs model such as v 2 / f 2 , c, etc., and thus obtain the expressions for the measured 
values of Standard Model observables Of M as a function of the little Higgs model parameters. 
We then proceed to compute the same observables from the little Higgs model. In general, we 
will get a different function of the parameters 0\ H = 0^ H (v 2 /f 2 ,c, etc.) due to the fact that 
there are extra contributions to the electroweak processes beyond the Standard Model. The 
difference, 

50, = 0^(v 2 /f 2 ,c, etc.) - Of A V// 2 ,c, etc.), (40) 

is then the correction of the electroweak observable Oj received from the little Higgs model. 

The electroweak parameters in the little Higgs model are: i) dimensionful parameters Myy , 
M\ , and GV; ii) dimensionless parameters which are the corrections to the vector and axial 
vector neutral current couplings dgff. An inspection of all the Sgf/s indicates that they only 
contain corrections proportional to c 2 at the order v 2 /f 2 . However, depending on the U(l) 
charge assignments of the SM fermions, Sgj/s may receive constant contributions. We find 
it informative to list the corrections to the electroweak parameters in a schematic manner 
according to the contributions from the SU(2)h, U(1)h, and from the triplet vev, as given in 
Table ITT1 Obviously, all the corrections in this model come in at the order of v 2 /f 2 or v' 2 /v 2 . 
The corrections of 0(v' 2 /v 2 ) are smaller and can be easily estimated with the help of Eq. (|15|) . 
We will thus not study the impact of v' on the electroweak precision physics further. We 
now discuss how the corrections show up in the electroweak precision observables and consider 
how the corrections may be suppressed to evade the constraints from the electroweak precision 
measurements. 
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TABLE II: Extra contributions to the electroweak parameters in the littlest Higgs model. The first 
two columns denote the contributions from the exchange of the heavy gauge bosons. The coefficient 
—5/4 in the U(1)h contribution to the Zl mass is determined by the U{1) charge assignment of the 
Higgs boson. 5gjf collectively denotes the modification of the neutral current couplings of the SM 
fermions, including both V and A couplings. Y\ 2 are the U(l) charge assignments of the SM fermions. 
The third column denotes the contribution of the triplet vev. 

The effects of the SU(2)h gauge bosons: We cast the corrections due to the exchange 
of the heavy SU(2)h gauge bosons into two types, all proportional to v 2 /f 2 : i) constants 
independent of the other model parameters; ii) corrections proportional to c 2 . An important 
observation here is that the dimensionless constant M Zl Gf does not depend on the constant 
term proportional to v 2 /f 2 . Actually, in all of the three dimensionful parameters M 2 ±, M Zl , 

and Gp-i the constant term is the same (up to a sign). We also notice that the correction to 
Sgff due to the exchange of the SU(2)h gauge bosons are all proportional to c 2 v 2 /f 2 . This 
is due to the fact that the fermions transform under SU (2)i but not under SU(2)<2- A more 
detailed study of the electroweak observables shows that the constant part of SU (2) corrections 
to the parameters does not contribute to the electroweak precision observables. All of the SU(2)h 
corrections are therefore proportional to c 2 . Contributions through the exchange of the SU(2)h 
gauge bosons can be thus suppressed systematically by choosing a smaller c. This corresponds 
to making a significant difference between the SU {2)i ® SU(2) 2 gauge couplings, gi g 2 - 

The effects of the U(1)h gauge boson: Obviously, the results depend upon the U(l) 
char ge a ssignments of the Higgs doublet (Yh) and the SM fermions (Yf). It was assumed in 
Ref. |l9l |20( that fermions are only charged under one of the £7(1) 's, and the Higgs doublet 
U(l) charge assignment is kept as in the original littlest Higgs model. This gives rise to some of 
the most stringent constraints on the scale / from, for example, Tz ~ rf M (l + 1.7v 2 /f 2 ) and 
M w ~ M^ M (1 + 0.89f 2 // 2 ) H3, leading to the conclusion that / is greater than about 8 TeV 
even when both c and d are small. There indeed exist some partial cancellations, resulting in 
/ > 4 TeV, which occurs near d = s'. Scrutinizing the properties of the heavy U(1)h gauge 
boson Ah, one finds: 

1. Modification of the Zl mass due to the mixing between the heavy and light gauge bosons 
given in Eq. (|A34|) . The correction to the Zl boson mass is proportional to (d 2 — s' 2 ), 
and thus may be suppressed for minimal mixing d = s', or equivalently g[ = g' 2 (xf = 0). 

2. Modification of the neutral current due to exchange of the heavy Ah gauge boson. As 
given in Eq. (jA55j) . the Ah coupling to fermions is proportional to d 2 Y\ — s' 2 Y 2 . Therefore, 
one can minimize the corrections to neutral current processes due to Ah exchange by 
setting d 2 Y x - s' 2 Y 2 = 0, or tan 2 9' = Y 1 /Y 2 . 
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3. Modification of the Zl boson couplings to fermions due to mixing between the heavy and 
light gauge bosons. As given in Eq. (|A55[) . the correction to the Zl coupling to fermions 
is proportional to (c /2 — s /2 )(c /2 Y"i — s' 2 Y 2 ). Therefore, the corrections to the Zl couplings 
to fermions are minimized for either d = s' or d 2 Y\ — s' 2 Y 2 = 0. 

Furthermore, one could consider combining the two conditions above to yield more suppression. 
This implies that Y% « Y^. This is the maximum cancellation of the extra contributions which 
can be achieved without changing the Yh assignment. However, this optimal cancellation goes 
beyond the simple choice of Table EJ and can be achieved only by using an alternative form of 
the fermion Yukawa couplings as discussed in Sec. I11B 11 

In principle, changing the U(l) assignments of the Higgs doublet will also change the pre- 
dictions for the electroweak precision observables. In particular, the pattern (c /2 — s' 2 )v 2 / f 2 
in the expressions for the Wl and Zl masses is a result of the particular U(l) assignments 
of the Higgs doublet in the original littlest Higgs model pj. Altering the Higgs U(l) charge 
assignments will certainly change this expression and change the result of the electroweak pre- 
cision fit. However, the U(l) charge assignment of the original littlest Higgs model is fixed by 
the requirement that the U(l)s are embedded in the global symmetry group SU(5). Giving 
up the requirement that the U(l)s are embedded in the SU(5) will require the introduction of 
extra U(l) factors beyond the original littlest Higgs model. This embedding also leads to the 
cancellation of the quadratically divergent contributions to the Higgs mass due to U(l) gauge 
boson loops. Giving up the cancellation of this quadratic divergence by changing the U(l) 
assignments of the Higgs doublet will make this model less natural. 

We see from the discussions above that the contributions to the electroweak precision ob- 
servables can be suppressed by a certain tuning of the parameters of the little Higgs model. 
However, this situation is not satisfactory since we would like to have a natural mechanism 
without too much careful adjustment of the model parameters. This calls for an extension of 
the littlest Higgs model which can naturally give us some of the properties above. In particu- 
lar, we would like a model which makes the U(l) structure more concrete so that some of the 
features discussed above can be realized. We may also try to get away from the U(1)h problem 
by gauging just one U(l) and identifying it with U(l)y- This U(l)y will certainly regenerate 
the quadratic divergence whose cancellation is one of the prime motivations of the little Higgs 
model. It will make this model appear less natural. However, numerically, this quadratic diver- 
gence is milder than that generated by £77(2) interactions and might be tolerable in considering 
the naturalness. 

There is another way of extending this model which will greatly improve the situation. One 
would like to have a model which explicitly preserves the SU(2) custodial symmetry, which 
will remove the constraint from Myy. The model could also have some extended symmetries 
which give us the cancellation of the extra contributions to the electroweak observables. This 
will require a significant enlargement of the current model and thus spoil its "minimal" nature. 
However, in the light of the discussion above, some enlargement of the original model seems 
desirable in order to make it a more natural mechanism for electroweak symmetry breaking. 

With those possible extensions of the littlest Higgs model in mind, we will focus on studying 
some generic features of the little Higgs model. We will take the constraints / }> 4 TeV jl9| or 
/ > 3.5 TeV as a general guide, but will not be confined by them since some variations of 
the model to evade the bounds are quite conceivable. 
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2. Triple gauge boson couplings 



The triple gauge boson couplings can be written in the most general form 2l| : 



wwv 



igwwv 



9i(W+W-» - W + »W-)V + k v W+W-V^ + 



rn 



w 



-W +u W~ p V fl 



,(41) 



where in the Standard Model the overall couplings are gww-y — ~ e an d Qwwz = — e c w /s v 



and gf 



9l 



1 and \z = A 7 = 0. In the littlest Higgs model, Xz = A 7 = is 



maintained for all the gauge boson couplings. The W£W£j couplings are not modified from 
their Standard Model form. The W^W^ Zl couplings gf and kz receive direct corrections only 
at order f 4 // 4 from gauge boson mixing. However, they receive corrections at order v 2 / f 2 
when written in terms of the SM inputs Mz L , Gf and a: 



gf 



1 + 



4? 



("1 + 



s 2 ) 2 + 5(c /2 



,'2\2 



,12 



(42) 



We see that there are several terms contributing to the anomalous coupling. If we assume that 
there is no accidental cancellation among them, we may get an order-magnitude bound on the 
scale parameters. Taking the current bound of roughly ±5% on the deviation from the SM 
Agf , we obtain 



f > 



2.3 v, 



< 



10% v. 



(43) 



VI^Wo """ " ~ 2 

Although the bounds estimated on / and v' are not close to the expected natural sizes, it is 
conceivable that a future e + e~ linear collider will significantly improve the accuracy on the triple 
gauge boson coupling measurements, which can be as accurate as 10~ 3 — 10~ 4 |22|. This would 
reach useful sensitivity to the parameters in the little Higgs models, improving the bounds in 
Eq. (J4*3~j) by more than an order of magnitude, to / ~ (15 — 50)v ~ 3.5 — 12 TeV. 



C. New Heavy Gauge Bosons at the LHC 

The heavy SU (2) gauge bosons are crucial ingredients for little Higgs models. The generic 
decay partial width for a vector to a fermion pair can be written as, ignoring the fermion 

masses, 

nv^ff') = ^(g 2 v + g 2 A )M V} (44) 

where C is the fermion color factor and gy, qa the vector and axial vector couplings. As seen 
from the Feynman rules, the new gauge boson couplings to the SM fermions depend upon a 
mixing angle parameterized by cot# = c/s. To the leading order, we have 

for Z H : g v = -g A = | cot 9 T 3 ; for W H ■ gv = ~9A = ~^7^ cot ® ■ ( 45 ) 

The couplings are purely left-handed, and universal to all fermions. In particular, if the fermion 
masses can be ignored, the partial width to each species of fermion pair (one flavor and one 
color) would be the same, that is proportional to My cot 2 9. 
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FIG. 2: (a) Total cross section for Zjj production versus its mass Mz H at the Tevatron (dashed) and 
the LHC (solid) for cot# = 1. The number of events expected per 300 fb _1 luminosity is indicated 
on the right-hand axis. The scale / corresponding to cot 6 = 1 is given on the top axis; (b) Zjj decay 
branching fractions versus cot 9. 



A vector boson can be produced at hadron colliders via the Drell-Yan process qq' — > V[23], 
for which the production cross section is proportional to the partial width T(V — > qq'). We plot 
the Zh production cross sections in Fig. Efa) versus its mass Mz H at the Fermilab Tevatron 
and the LHC energies, where cot 8 = 1 has been taken (the cross section scales as cot 2 9). We 
first note that at the Tevatron energy, there is only a hope if Mz H 1 TeV and cot 6 large, due 
to the severe phase space suppression. On the other hand, the LHC could copiously produce 
the heavy vector states as indicated on the right-hand scale of Fig. Efa). For instance, about 
30, 000 Zh of a mass 3 TeV may be produced annually at the LHC. Thus the standard search 
for a mass peak in the di-lepton mass distribution of £ + £~ or the transverse mass distribution 
of Ev in the multi-TeV range could reveal an unambiguous signal for the vector resonant states. 

It is interesting to note that there are two other competing channels for the heavy gauge 
boson to decay, namely to its SM light gauge partner (Vl) plus the Higgs boson, and to a pair 
of SM light gauge bosons (i.e., Zh — > W£W£ and Wh — > WlZl). These bosonic decays can 
be best understood as decays to the components of the Higgs doublet h, three of which become 
the longitudinal modes of the SM light gauge bosons. The partial width for the VlH channel 
is, ignoring the final state masses, 

o 2 cot 2 29 , . 

T(V - VlH) = y lQ2?r M v , (46) 

and the partial width to a pair of SM light gauge bosons is the same. We present the decay 
branching fractions for Zh versus cot^ in Fig. |2Jb). The solid curve shows the branching 
fraction to the 3 generations of charged leptons, which is equal to that to one flavor of a 
quark pair. The dashed curve is for the sum of the modes Z L H and W^W^ . We see that 
when cot# > 1/2, the fermionic modes dominate. Due to the universal SU(2) coupling, the 
branching fraction follows the equal-partition. The channel to the three pairs of charged leptons 
for instance approaches 1/8 from Zh which is equal to that to bb, and to tt as well up to a 
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FIG. 3: (a) Total cross section for Ah production versus its mass Ma h at the Tevatron (dashed) and 
the LHC (solid) for tan#' = 1. The number of events expected per 300 fb^ 1 luminosity is indicated 
on the right-hand axis. The scale / corresponding to tan 0' = 1 is given on the top axis; (b) Ah decay 
branching fractions versus tan#'. The fermion hyper charge assignments are fixed by the anomaly- free 
condition. 



phase space factor, and 1/4 from Wh- This is a very distinctive feature to verify once a new 
gauge boson is found. On the other hand, for cot# < 0.25, the bosonic channels become more 
significant. However, one should notice that the production cross section would be suppressed 
by a factor cot 2 9 at the same time for the enhanced bosonic channels. The branching fraction 
is insensitive to the heavy gauge boson mass. 

In the littlest Higgs model, the U(l) gauge boson Ah is typically light and could be the first 
signal of such a model j20j. To explore its signature at colliders, we note first that its decay 
mode to Z^H (or W^W^) is given by the same formula as in Eq. (J46|) . but identifying the 
coupling and mixing as g — > g f , 9 — > 9'. The model-dependence comes in when we consider the 
fermion charges under the U(l) gauge groups. As we discussed in detail in Sec. Ill B 11 we take 
the simplest assignment with the anomaly-free condition for illustration, where y e = 3/5, y u = 
—2/5. Fig. |3fa) shows the total production cross section at the Tevatron and the LHC energies 
versus its mass Ma h with taxi 9' = 1. Fig. Efb) gives the decay branching fractions for Ah 
versus tan 9' with the same hypercharge assignments and for Ma h = 1 TeV. Due to the non- 
observation of resonant lepton pair events in the high mass region, one may conclude that Ah 
is excluded for a mass lower than 500 GeV, which translates to a bound 

/ > 3 TeV. (47) 

However, we notice the interesting feature discussed earlier in Sec. 1111 BTl that A H may decouple 
from the SM fermions depending on the U(l) charge assignments at a particular value 

tan 2 9' = Y 1 /Y 2 . (48) 

In this case, the only channels that Ah couples to are ZlH and W^W^ . Indeed, because 
of the arbitrariness of the fermion U(l) charge assignments, the prediction of the Ah signal 
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FIG. 4: Ah Decay branching fractions for tan#' = 1 (a) versus the charged lepton U(l) hypercharge 
y e with fixed y u = —0.4, and (b) versus up-quark hypercharge y u with fixed y e = 0.6. The vertical 
dotted lines indicate the hypercharge values determined by the anomaly-free condition. 



suffers from large theoretical uncertainty. We further explore this aspect by considering the 
Ah decay branching fractions when varying the U(l) charge values. Fig. Ogives the decay 
branching fractions for Ah (a) versus the U(l) charge y e with fixed y u = —0.4, and (b) versus 
y u with fixed y e = 0.6. We do see substantial changes in the branching fractions for different 
choices of the hypercharge. They can vary by as large as a factor of 50. The vertical dotted 
lines indicate the hypercharge values determined by the anomaly-free condition, which we used 
in the previous figure. In summary, although the relatively light Ah gauge boson may give an 
early signal at hadron colliders, with the arbitrariness of the U(l) charge assignments of the SM 
fermions, it cannot serve as a robust signature for little Higgs models. It could be possible even 
not to gauge the U(l), thus to get rid of this massive gauge boson as commented in Sec. HUB II 
On the other hand, if such a U(l) gauge boson is observed at future collider experiments, it 
could provide important insight for the gauge structure of the little Higgs model. 



D. New top quark T at the LHC 



The new colored vector-like heavy fermion T is also a crucial prediction in little Higgs models. 
Due to its heavy mass, it may only be produced at high energy hadron colliders. Naively, the 
leading contribution seems to be from the QCD pair production 

qq, gg - TT. (49) 

However, the phase space suppression of the multi TeV mass becomes rather severe. In contrast, 
the single T production via VF-exchange in t-channel (or Wb fusion) 

qb -> q'T (50) 

falls off much more slowly with the T mass and takes over for My larger than a few hundred 
GeV 0. This is also partially due to the enhanced coupling of the longitudinally polarized 
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FIG. 5: Total cross sections for TT production (dashed) and T+jet production (solid and dotted) 
via i-channel FF-exchange versus mass Mx at the LHC. The solid line is for the couplings Ai = A2; 
the dotted are for A1/A2 = 2 (upper) and 1/2 (lower). The number of events expected per 300 fb _1 
luminosity is indicated on the right-hand axis. The scale / corresponding to Ai = A2 is given on the 
top axis. 



gauge bosons at higher energies. In Fig. |S] the cross sections of pair production of TT (dashed 
line) and the single T plus a jet production (solid and dotted) are presented versus its mass 
Mt at the LHC energy. We see that T+jet production dominates throughout the mass range 
of current interest. The solid line is for the choice Ai = A2, while the dotted are for A1/A2 = 2 
and 1/2. We see that for a T with a 3 TeV mass, the cross section can be about 0.23 fb. With 
an integrated annual luminosity of 300 fb" 1 , this corresponds to about 70 events per year, as 
indicated on the right-hand axis. The other processes of single T production qq' — > bT via 
s-channel PF-exchange and the associated production gb — > WlT are both much smaller. 

Because of the unsuppressed coupling of the heavy top T to the Higgs boson, and the en- 
hanced couplings to the longitudinally polarized gauge bosons (Goldstone bosons) 1 , the partial 
decay widths of T are 

r(T - tH) = r(T - tz) = ~r(T - bW) = ^-M Tl (51) 

2 o27T 



with the coupling k = Af/yAf + A§. Other decay channels are effectively suppressed by v 2 / f 2 . 



1 We thank M. Perelstein [23 for drawing our attention to this point. 
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The total width of T is then given by 



T T = f MT = ^§(^-) 2 M T . (52) 

Unlike the SM top quark, whose total width scales as mf/v 2 , the width of T is linear in Mt- 
Regarding the experimental signatures at colliders, all decay channels can be quite identifiable. 
Although the final state T — > bW takes 50% branching fraction, partly yielding a nice signal 
of 6 jet+£ ± plus missing energy, the other channels T — > tH, tZ may lead to distinctive 
signatures as well. The Z boson in the final state gives an unambiguous event identification 
via its leptonic decay, and the system £(— »■ bW)Z reconstructs M T . The Higgs mode can be 
studied via t(— > bW)H{-^ 66), resulting in three 6 jets, a charged lepton plus missing energy. 
Two of the 6 jets reconstruct m# and the whole transverse mass system reconstructs the large 
Mt- There is always a spectator light quark jet (q'), accompanying T, that can be made use 
of as a forward tagging jet. However, there may be substantial SM backgrounds too, such as 
tiZ to the T —> tZ signal, and W + 4 QCD jets, it -> 26 + 2 jets + leptons to the T -> tH 
signal. More detailed simulations would be needed to make a quantitative conclusion for the T 
observation. 

If a T signal is observed at the LHC, one can deduce the mass scale / based on the relation 
Eq. flJZ), leading to f max = vM T /(2m t ) » M T /y/2, which is indicated in Fig. El on the top 
axis. More precise determination can be made when the coupling Ai is measured through the 
production cross section. 



E. The Higgs sector 

The central feature of the model is to have a relatively light neutral Higgs boson H. The 
Higgs mass is typically of the order of v. If a Higgs boson is found with a mass greater than 140 
GeV, it would imply some new physics different from weak-scale SUSY. However, the deviation 
of its properties from the minimal SM is rather small in the littlest Higgs model, generically of 
the order of v 2 / f 2 , i.e., at a percent level. It would thus be difficult to distinguish this model 
from the SM even when H has been observed. It has been argued that at a high luminosity 
e + e~ linear collider, the determination of WWH, ZZH can be at the 1% level [26]. Inspecting 
the gauge bosons-Higgs couplings in the littlest Higgs model, we could anticipate a bound 

/ > ^=w « 1-4 TeV, (53) 
V3 x 1% 

which may not add much new knowledge to our understanding of the model. 

The would-be Goldstone boson multiplets after the global symmetry breaking are a neces- 
sary feature to result in the light Higgs boson, and they generically lead to additional scalar 
multiplets beyond the SM Higgs doublet. In particular, the doubly charged Higgs state $ ++ 
from the Higgs triplet may serve as a good signal for this class of models if the coupling is not 
too small and if it is not too heavy to be accessible at future colliders [27!]. We illustrate this 
point by considering the longitudinal WW scattering 

W+Wt -> W+W+, (54) 

which would receive a resonant contribution from $ ++ — > iy + iy + . Figure |H1 presents the in- 
variant mass distribution for M(W + W + ) at the LHC energy. The histograms give the resonant 
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FIG. 6: Invariant mass distribution of W + W + at the LHC, in the units of the number of events per bin 
(50 GeV) and per 300 fb -1 . The dashed curve is for W£w£ — ► W£w£ in the SM and the histograms 
include the doubly charged Higgs contribution with two representative mass values M$ = 1.5, 2 TeV, 
for v'/v = 0.05. 



structure for M$ = 1.5 and 2 TeV respectively. The dashed curve is the continuum SM W^W^ 
background with M# = 120 GeV. We have used the effective VF-boson approximation to com- 
pute the production rates. In the calculation, we have imposed some cuts on the W transverse 
momentum and the rapidity as 

p T > 200 GeV, y < 3. (55) 

The signal cross section is proportional to v' 2 /v 2 . With the coupling chosen to be v'/v = 0.05 
as for Fig. |Hl there can be about 120 (30) events near the mass peak of 1.5 (2) TeV for 300 
fb _1 luminosity. Although the like-sign di-leptons may be a spectacular signal for a doubly 
charged resonance, there are SM backgrounds to be separated. Standard techniques have been 
developed to identify the W£W£ signal over the backgrounds 28[. We will not pursue further 
quantitative evaluation for the signal observability here. 



IV. CONCLUSIONS 



The little Higgs models represent a new approach to stabilize the hierarchy between a rel- 
atively low cutoff scale ~ 10 TeV and the electroweak scale. By linearizing the "littlest Higgs 
model" IH, we laid out the full structure of the theory to the order of l// 2 , and discussed its 
couplings and the mass parameters for the new contents beyond the Standard Model (summa- 
rized in Sec. IIII A"]) . We explored the symmetry properties in particular related to the custodial 
SU{2) breaking in the model (Sec. Ill G]) . We also discussed the arbitrariness of the model asso- 
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ciated with the £7(1) charge assignments for the SM fermions, as well as for the Higgs doublet 
(Sec. 1111 Blj) . 

We have studied the phenomenological consequences of the little Higgs models. The current 
precision electroweak measurements can put stringent bounds on the model parameters, typi- 
cally for the scale / > 3.5 — 4 TeV, modulo some arbitrariness of the £7(1) charge assignments 
of the SM particles. By a clever choice of the gauge coupling parameters and fermion hyper- 
charge assignments, the extra contributions to the electroweak precision observables may be 
significantly suppressed, although even given the freedom of assigning the fermion charges, the 
particular choice is still a fine-tuning that needs to be justified by a suitable extension of the 
model. Future precision measurements may further improve the constraints, while reasonable 
variations of the model associated with the £7(1) sector should be kept in mind. 

We have also studied the collider phenomenology of the little Higgs model, concentrating 
on generic signatures that are robust under variation of the details of the model. We found 
that the LHC has great potential to discover the new SU(2) gauge bosons up to the multi- 
TeV mass scale. This should serve as the "smoking gun" signature for the little Higgs model, 
especially if their unique decay branching fractions are measured to a good precision. The 
possible new £7(1) gauge boson may be lighter and be observed earlier at hadron colliders, 
although its properties are less robust to reflect the little Higgs idea. The colored vector-like 
quark T is also a unique prediction for little Higgs models, and it may be produced singly 
through Wb — > T at high energy hadron colliders. It is however typically heavier. The doubly- 
charged Higgs boson may be the most impressive member of the Higgs sector along with the 
SM-like Higgs. It can be produced singly via the W + W + — > $ ++ channel and may provide 
interesting signatures at the LHC. Precision measurements on the triple gauge boson couplings 
at hadron and especially at future e + e~ linear colliders may also shed light on the symmetry 
breaking scale up to / ~ 3.5 — 12 TeV. Due to the relatively high energy scale of the little 
Higgs models, multi-TeV lepton colliders would be desirable to explore the new particles and 
study their properties in detail. 
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APPENDIX A: THE LINEARIZED LAGRANGIAN 

We lay out the linearized Lagrangian for the littlest Higgs model in this appendix. The 
effective non-linear Lagrangian invariant under the local gauge group G\ (g) G 2 = [577(2) 1 <8> 
U(l)i] ® [SU(2) 2 ® £7(1) 2 ] can be written as 

C eff = Cg + Cf + C^ + Cy- VcwP), (Al) 

where Cq consists of the pure gauge terms; Cf the fermion kinetic terms; £s the a- Model 
terms of the littlest Higgs model; Cy the Yukawa couplings of fermions and pseudo-Goldstone 
bosons; and Vcw(£) the Coleman- Weinberg potential, generated radiatively from £s, Cy. We 



24 



now discuss each individual term in detail. In order to obtain the effective Lagrangian in terms 
of the physical fields, we need to expand the nonlinear cr-model in a consistent fashion, which 
corresponds to expansion in 1/f. 



1. £e : Scalar kinetic terms and the heavy gauge bosons 



At the scale As ~ 47r/, the vev associated with the spontaneous symmetry breaking pro- 
portional to the scale / is parameterized by the 5x5 symmetrical matrix 



\ J-2X2 



1-2x2 



\ 



(A2) 



Turning on this vev breaks the assumed global 577(5) symmetry into its subgroup £0(5). The 
appearance of the condensate also breaks the assumed local gauge symmetry [SU(2) <S> U(l)} 2 
into its diagonal subgroup [SU(2) <g> U(1)]sm- The scalar fields are parameterized by 



that transforms under the gauge group as 

£ -> £' = U £ U T , 



(A3) 



(A4) 



where U = LiYiL 2 Y 2 is an element of the gauge groups. Here / is the Goldstone boson decay 
constant, and the Goldstone boson matrix II is expressed by 



n 



h/y/2 h*/y/2 
<f> h T /V2 ) 



(A5) 



where the scalar field content consists of a doublet h and a triplet under the unbroken 
SU(2) L (8) U(1) Y SM gauge group 



h = (h + ,h°), 



V2 



AO 



(A6) 



For phenomenological studies, it is important to linearize the effective Lagrangian and write 
it in terms of the couplings of gauge bosons and h, (p. This can be achieved by expanding E 
around its vacuum expectation value in powers of 1/f 



E + 2Z 
S + 7 



02x2 



h* r\ h 
V°2X2 ^ <P 



J 



1 

P 



( tfh* V2(j) j h T tfh + 2ft<l>\ 

V2hft 2htf V2h*<f> 
K h T h*+2(j)^ y/2(j)tf h T h j 



+ 0(-=). (A7) 



The leading order dimension-two term in the non-linear cr-model can be written for the 
scalar sector as 

I/ 2 



2 4 



-TrlP,, El 2 . 



(A8) 
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The numerical coefficients have been chosen so that the scalar kinetic terms are canonically 
normalized. It is manifestly gauge invariant under G\®G 2 = [SU (2)i<g>U (l)i\<g>[SU \2) 2 ®U (1)2] 
if the covariant derivative is defined as 



where the 5C/(2) gauge fields are Wj = ELi with 



(A9) 







\ 




'0 3x3 


\ 










j Q2 ~ 






(A10) 
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3 x3 J 
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a" 
2 1 





Similarly, the U(l) gauge fields are Bj = B^Yj with 

I -3 \ / -2 

-3 

2 , Y 2 

2 

2 ; v 



10 



10 



-2 



(All) 



3; 



The vacuum expectation value (vev) of the £ field breaks the [SU(2)®U(1)] 1 ®[SU(2)®U(1)] 2 
gauge symmetry down to the diagonal subgroup, with the broken generators (associated with 
W) 

Q' a = ; 1 X slQl - glQD- (A12) 



(A13) 



9t + 9 4 2 

and the unbroken SU(2)l <E> B(l)y gauge generators 

1 



The spontaneous gauge symmetry breaking thereby gives rise to mass terms of order / for 
the gauge bosons 



C^mass) = \^[glW^Wr + glW^Wr -2g ig2 W^W^ 



+ i^i [tfB^Z + <£B^ - 2gW 2 Bi,B 



2 4 5 
We define 

B = s'Si + c'B 2 , 

where the mixing angles are given by: 

£2 

g\ + gl 



(A14) 



^' = -cWi + sW 2 
B' = -c'B 1 + s'B 2 , 



(A15) 



c = 



g\ 



gl + gl 



92 



g'2 2 



(A16) 
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The heavy gauge boson masses are then 



m w> = 2 \9i t + 92 = 



m B > 



f 



g? + g'i 



2 v / 5s'c / 



The massless states W and B are identified as the SM gauge bosons, with couplings 



9 = 9%s = g 2 c, 



9 = 9\9 = 92° 



(A17) 



(A18) 



2. Vcw : Effective Higgs potential and the electroweak symmetry breaking 



In the littlest Higgs model, the global symmetries prevent the appearance of a Higgs potential 
at tree level. Instead, the Higgs potential is generated at one-loop and higher orders due to 
interactions with the gauge bosons and fermions. The quadratically divergent contributions to 
this Coleman- Weinberg potential are cut off by the scale As- In practice, these are proportional 
to A|/167r 2 ~ f 2 . The unknown ultraviolet physics at the cutoff scale As is parameterized by 
(9(1) coefficients a and a'. 

The most important terms of the Coleman- Weinberg potential can be parameterized as: 



V = A^/ 2 Tr(0V) + i^Hhf (h$h T - h*0) - (i 2 hrf + \ h *{htf)' 



(A19) 



where we neglect quartic terms involving 4 and h 2 (j) 2 since they give only sub-leading contri- 
butions to the vacuum expectation values and the scalar field masses. 

The quadratically divergent contribution to the Coleman- Weinberg potential from vector 
boson loops is 



1 



(A20) 



Linearizing the E field, we obtain 



I2\ 



c-a = M + g'i 



+ ^(gl + g'i) 



/ 2 Tr(V 



% (WW 



h*0) + ~ (hh)) 2 + 



(A21) 



The [SU(2) (8>[/(l)]i interactions preserve the SU(3)2 global symmetry in the lower 3x3 block 
of E, while the [577(2) ® U(l)} 2 interactions preserve the 577 (3) i global symmetry in the upper 
3x3 block of E. 

The quadratically divergent contribution to the Coleman- Weinberg potential from fermion 
loops is 



I \ 2 j?4 wx ijj; v-i v y*rm/y-i*nz 

4 V z t kmn z -'iw z -'jx z -' ' i 



(A22) 



where i, j, k, m, n run over 1, 2, 3 and w, x, y, z run over 4, 5. To fourth order in h and second 
order in 6, this term leads to 



la'Xj 



f 2 Tr (0t0) + l l (h^h T - h*0) + - (Mt) 2 + ■ ■ ■ 



(A23) 
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The fermion interactions that give rise to this term preserve the S77(3)i global symmetry in 
the upper 3x3 block of E, so this contribution to the potential must have the same form as 
the term proportional to (g 2 + g' 2 ) in Eq. (|A21|) . 

The coefficients A^, X^h and X^ in Eq. (jA19J) are therefore given by: 



A, 



s 2 c 2 



+ 



9 



i2 



X 



h<f>h 



Aft4 



S ,2 C J2 

(c 2 - s 2 ) 



+ 8a'A 2 , 



,/2 



S 2 C 2 



+ 9 



s' 2 c' 2 



+ 4a' A 2 , 



s 2 c 2 



+ 



9 



12 



s ,2 d 2 



+ 2a' X 2 = -X 4 
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Here we have neglected the log-divergent one-loop and quadratically divergent two-loop contri- 
butions to the effective couplings in Eq. (jA24|) . These are suppressed by a loop factor l/16n 2 
compared to the leading terms given here. 

The coefficient fi 2 of the hW term is a free parameter since this term gets equally significant 
contributions from the one-loop log-divergent and two-loop quadratically-divergent parts of the 
Coleman- Weinberg potential. At one-loop order, « 2 gets a contribution from the log-divergent 
terms of order f 2 log(A|// 2 ) / (167r 2 ), giving a natural hierarchy between the TeV scale / and the 
electroweak scale. At two-loop order, fi 2 gets a contribution from the quadratically-divergent 
term of order A|/(167r 2 ) 2 ~ / 2 /167r 2 , with an arbitrary coefficient of order unity determined 
by the UV completion. We thus write the coefficient as a new free parameter fi 2 ~ / 2 /167r 2 . 

For « 2 > 0, this scalar potential triggers electroweak symmetry breaking, resulting in the 
vacuum expectation values for the h and fields: (h°) = v/y/2 and = v', with 



X 



htf>h 



A/j4 



\ 2 

A h<j)h 



I A</,2 
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The gauge eigenstates of the Higgs fields h and 
eigenstates as follows: 



2X^2 f 

can be written in terms of the mass 



h° 

h+ 
(.++ 



(c Q H - s $° - 
(s P G° + c P $ J 
c+G + - s+$+ 
$++/z. 



/V2 + t(c P G° -s P $ p ) /y/2, 
2-i(s H + c $° + V2v') /V2, 
s + G + + c + $+) ji 



(A26) 



We use the following notation for the physical mass eigenstates: H and $° are neutral scalars, 
$ p is a neutral pseudoscalar, $ + and $ ++ are the charged and doubly charged scalars, and 
G + and G° are the Goldstone bosons that are eaten by the light W and Z bosons, giving them 
mass. Note that in defining the mass eigenstates we have factored out an i from 0. 

The mixing angles in the pseudoscalar and singly-charged sectors are easily extracted in 
terms of the vacuum expectation values: 



s P 



2V2v' 



12 



\/v 2 + &v 
2v' 

y/v 2 + Av' 2 
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C P 
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Vv 2 + 4v' 2 
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v- 



v' 2 

!-2 — • 



(A27) 



28 



Diagonalizing the mass terms for the neutral CP-even scalars gives the scalar mixing angle 
So, Co to leading order in v/ f: 

I 12 

s ~2V2-, c ~ (A28) 
V v A 

Note that to leading order s = sp = a/2s + ~ 0(v/ f). 

To leading order, all of the triplet $ states are degenerate in mass. The masses of $ and H 

are 

Ml ~ X^f, m 2 H ~ 2 (A h 4 - A 2 ^/A^) t; 2 = 2/x 2 . (A29) 
3. Gauge boson masses and mixing from £s 

After EWSB, the gauge sector gets additional mass and mixing terms due to the h and 
vevs. The full set of mass terms after EWSB is: 
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where for the WW, BB and WB terms we have included terms up to order v 4 / f 2 ; these will 
be necessary in order to find the masses of the light gauge bosons consistently to this order. 

a. Charged gauge bosons 



Let us first consider the charged W, W' sector. The charged W, W' mass eigenstates, to order 
v 2 /f 2 , are: 



2 2 

W L = W + ^sc(c 2 - s 2 )W', W H = W- ^c(c 2 - s 2 )W. 
The masses of Wl (light) and Wh (heavy) to the order of v 2 / f 2 are given by: 



M 2 W ± = m 2 w 



v n 1, 2 2 . 2 \ .v 



M, 



f 9 1 2 2 i /n/ 4 / f2\ 2 { f 

— --gv +0(v /f) = m. ■ - 



w ' S 2 C 2 V 2 



- 1 



(A31) 

(A32) 
(A33) 



where m w = gv/2. 
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b. Neutral gauge bosons 



The four neutral gauge boson mass eigenstates to the order v 2 /f 2 are: 2 



A L 
Z L 



s w W 3 + c w B 



c w W a -s w B + xT^W a + x?^B' 
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where 



5 , scs'c'(c 2 s' 2 + s 2 c' 2 ^ 
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The weak mixing angle is defined as usual: 

9' 



w v^+T^ 

The neutral gauge boson masses are: 
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where m 2 = gv/(2c w ). Again, note that the Zl mass gets a correction at order v / f . 



4. Scalar-fermion couplings: The Yukawa interactions Cy 

The scalar couplings to the top quark can be taken as |H 



Cy — -XlftijktxyXi^'jx^'kyU'z + A 2 /tt' C + h.C, 



(A38) 



We have absorbed a minus sign into the definition of B in order to write Al and Zl in the standard form. 
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where Xi — (&3> £3, t). The factor of 1/2 normalization in front of Ai makes our notation simpler. 
Expanding the £ field generates the scalar interactions with quarks: 



A = \ 2 ftt' c + i\ 1 {-b, 



V2h + + j(V2h-<f) ++ + h°y 



Un 



y^h' + jih-^ + V^h *^) 



(A39) 



-if + j( h+h ~ + h ° h °* + 2 ++ <T~ + 2 + <T + 20V *) 



w' 3 c [ + h.c. 



This Lagrangian contains a mass term of order / that couples t to a linear combination of t' c 
and u 3 . Defining mixtures of t c and u 3 as follows, 



1 



(X 2 t' c + X lU ' 3 c ), u 



\J \\ + A 2 \/Ai + A 

diagonalizes the mass term for the heavy fermions: 



:-A 1 ? c +A 2 « 3 c ), 



The rest of the Lagrangian reads: 
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Electroweak symmetry breaking generates additional mass terms for the fermions: 
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The factor of i in the t 3 w 3 and t 3 t c mass terms can be absorbed into a re-phasing of the left- 
handed quark doublet field; instead we keep it explicitly for simplicity. 

After diagonalizing these mass terms, we obtain the physical top quark t and a new heavy 
quark T: 



ti = c L t 3 - s L t, 
T L = s L t 3 + c L t, 



T C R = s R ul + c R t' c , 
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where 
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The corresponding masses are: 
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The scalar interactions with the up-type quarks of the first two generations take the same 
form as in Eq. (jA38|) . except that there is no need for the extra vector-like quarks t,t' c . The 
interactions with the down-type quarks d c and leptons of the three generations are generated 
by a similar Lagrangian, again without the extra quarks, and can be written as 



£y - -X d fe ijk e X yXi^* jx ^lyd c + h.c. 
with the isospin index i — 1,2 only, and similarly for the leptons. 
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5. Fermion kinetic terms Hp 

The fermion gauge interactions take the generic form 

Cf = xjjfij^D^xjjf, f = flavor and chirality 
/ 

2 
3=1 



(A47) 
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where Wt 



j - W'Q" and Bj 

The Lagrangian must be gauge invariant under the gauge groups [SU{2) <%> C/(l)]i® [SU{2) ® 
U(l)} 2 - In particular, the gauge invariance of the scalar couplings to fermions discussed in the 
previous section requires that the Standard Model quark and lepton doublets transform as 
doublets under SU(2)i and as singlets under SU{2) 2 . 

Because all the Standard Model fermions except the top quark have small Yukawa couplings, 
their quadratically divergent contributions to the Higgs mass do not constitute a hierarchy 
problem if the cutoff As is around a few tens of TeV. Thus, in the littlest Higgs model one does 
not have to introduce extra vector-like quarks to cancel the divergences due to the first two 
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generations of quarks or the b quark, or due to any of the leptons. Thus, except for the top 
quark, there will be no mixing between the SU(2) doublet fermions and vector fermions. We 
first write down the gauge couplings to all fermions except the top quark; we will later write 
the top quark and vector-like quark gauge couplings, including the mixing. 
The 57/(2)1 g au g e couplings to SM fermions are given by: 

C = giW^QlQL-fQL = 9l (w+J + » + + W^Jfy) , (A49) 

where the charged and neutral currents are: 

J + » = ^jfirf^ J~" = -jf Ll »u L , J£a = Q L Y(-T 3 )Q L = -J^ 3 , (A50) 
where W x = (Wl ± iW 2 )/\/2, and similarly for the lepton doublet. 



a. Charged currents 

The couplings of the Wf; and W§ gauge bosons are found by writing giW^ 1 in terms of the 
mass eigenstates: 

9l W 1 = gW L l-^-c 2 {c 2 -s 2 ) -g-W H 



2f 



1 + - s 2 ) 
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and inserting this expression into Eq. (|A49J) above. 

For the gauge couplings involving the top quark, we must include the mixing between £ 3 and 
t. The charged current gets modified as follows: 



J +fl = -= 
V2 



CLtL'fbL + s L f L Yb L 



(A52) 



Because of the mixing of the SU{2) doublet state £3 into the heavier mass eigenstate Tl as 
a result of EWSB, the CKM matrix involving only the usual three generations of quarks is no 
longer unitary; it deviates from unitarity at order {v 2 / f 2 ). The modification is as follows: 



c L V t 



SM 
tb 



SM 
tb 



1 



1rV SM 
b LV t b 



_ W SU ^1 



2/ 2 (A? + Ag)» 
v 



SM 
tb 



2 Ai mi r 



tb 



M + xy 



-irSM 
v tb 



Aj m t 
X 2 M T 



(A53) 



b. Neutral currents 



The neutral gauge boson couplings to fermions are somewhat more complicated, since they 
depend on both the isospin and the hypercharge of the fermions. The quantum numbers of 
the fermion fields under Z7(l)i <S> ?7 (l)a are determined by requiring that the scalar couplings 
to fermions are gauge invariant, using the £7(1) quantum number assignments of the £ fields 
specified by Y\ and Y 2 . The resulting hypercharges are given in Table E in terms of the free 
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parameters y u and y e . If one further requires that both of the U(l) gauge groups are anomaly 
free, then y u = —2/5 and y e = 3/5. 

Note that the hypercharge assignments of u' c and t' c are different, so that the t c R and 
mass eigenstates are mixtures of states of different hypercharge. For the first two generations 
of quarks there is no mixing with an extra vector-like quark, so the hypercharges of the right- 
handed charm and up quarks are equal to those of u' c . In particular, the hypercharge of the 
right-handed top quark is now different from the hypercharges of the right-handed charm and 
up quarks under the two U{1) groups. 

The neutral gauge boson couplings to fermions take the form: 

C = -giW^Jfc + g[B ltl J^ + g' 2 B 2 ,r B2 , (A54) 

where J^ 12 = fj^Yi^f, with Yi j2 given in Table |TJ The couplings of the neutral gauge boson 
mass eigenstates Al, Zl, Ah and Zh are given by: 

r A tA* i A 'V Br ^ b J Bo) . r? c T u 

*- — ~ A L^eJ EM + A Hfl g — h Z Hfl g-J w3 



r ( r 12 V 1 4- s /2 7 M N 



, (A55) 



where the mixing coefficients x% \ xf , and xh are given in Eq. (|A35|) . The electromagnetic 
current is J£ M = J(^ 3 + J Bi + J B2 ; note that the photon coupling to charge Q = T 3 + Y\ + Y 2 
is not modified from its SM value. The Zl boson coupling gets modified from its SM form, 
(g/cwXT 3 — s wQ)> ^ terms of order v 2 / f 2 . Finally, the A H and Z H couplings to fermions are 
essentially those of B' and W' 3 , respectively, up to terms of order v 2 / f 2 that we have neglected 
here. 

The mixing between fermions with different 577(2) <S> U(l) quantum numbers (i.e., £3 and t) 
will lead to flavor changing neutral currents mediated by the Zl boson. The flavor-preserving 
gauge couplings will also be anomalous at order v 2 / f 2 because of the mixing. 



6. Gauge kinetic terms Cq 

The gauge kinetic terms take the standard form: 

c o = -~ E(W?:W^ + B%B a mu ). (A56) 
4 i=i 

These terms yield 3- and 4-particle interactions among the SU{2) gauge bosons. Of course, the 
U(l) gauge bosons have no self-couplings or couplings to the SU{2) gauge bosons. The explicit 
couplings are listed in Appendix iBl 
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APPENDIX B: FEYNMAN RULES: INTERACTION VERTICES 



For the convenience of further phenomenological exploration, we list the Feynman rules of 
the interaction vertices in unitary gauge among the new scalar sector, the new gauge bosons, 
the new vector-like fermion and the SM particles. All particles are the mass eigenstates. In the 
Feynman rules, all particles are assumed to be outgoing, and we adopt the convention Feynman 
rule = iC. 

1. Couplings between gauge bosons and scalars 

a. Three-point vertices in Tables UTH and ITH 



particles 


vertices 


particles 


vertices 


W^W Lu H 


\g 2 v gilv (l - ^+ 
\{c 2 -s 2 ) 2 ^-\s 2 -2^-) 


W£,W Hu H 


~^9 2 vg^ 




llrvg^ (1-^-1^ + 4^0$ 
_i( (< jj_ a a )2 + 5(^.^)2) 


Zr^ZhuH 
Ar^AhuH 


-%g 2 vg^ 
-y 2 vgnv 




i 2(c z s z ) 

29 2sc V 9»v 


Zl^ZhuH 


1 g 1 {C'-S 1 ) 

2 c w 2sc V 9^ 




2 c w 2s' c' 


Zh^AhuH 




i99 scs'c' v 9^f 




~y 2 {s v - 2V2v')g^ 






i 1 g 2 (sQV-2V2v')g^ u 






b 2 ^ 1 ^ - 2V2v')g^ 






Zl p Z Lu $° 


-i£(vs -4V2v') gixu 




i a 2 

29 


+ ^V2,/) 


g^u 


Z l ^Z Hi/ <S>° 




ZlhAhu® 




)9w 




t^'^((cV 2 + S V> So 
+2 v / 2(c 2 - s 2 )(c' 2 - />') 9ilu 


A Hll A Hu $° 


y 2 


'„„„ + <^^V2v' 


)g»v 







W£ U A L „*- 





wt u z Lv <s>- 


■g 2 / 


w£ u z Lu $- 


■g 2 (c'-s z ) , 

1 c w 2sc V 9fiv 


wt u A Hy <$>- 


299' { 2s' d ) ( vs + iv ')9fiv 


w£ u A Hv *- 




~299 K scs'c' V 9»v 




l 9 2sc V 9^ 


w£ u z Hv <s>- 














O- 2{c'-s z ) i 

2% g 2sc v 9w 







TABLE III: Three-point couplings of two gauge bosons to one scalar. All particles are the mass 
eigenstates. 
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particles 


vertices 


particles 


vertices 




-f (v^so - s+) (pi - vi)p. 




f^(^o- S+ )(pi-P2) M 




V ^ 






w?„<s> p <s>- 


-%{Pl ~P2)n 
v 2 ^ 




-^ {J ^(PI-P2)^ 




—iq(v\ — po),, 


ri n 


iq^ c o s - (pi — »o)/7 


A L/I H<S> P 





A Hfl H$ p 


— ifl 7 ^ttt^ - (gp — 2sn)(??1 — P2)« 
2*^ 2s c v ^ u/v/^i jt^/ f-i 







A H ^°$ P 


5 (Pi —P2)u 




—ie(ni — no),. 


A HfJi & + <&~ 


20 ^ , 7 Pi — P2 u 

ZS C ^ ' r* 


A Ltl <f>++<f>— 


-2ie(pi - p 2 ) il 


A H ^++^— j 


^ 2s' c' i^ 1 ~~ -P 2 )^ 


ZL»H<f> p 


\±{s P -2s i) )(p 1 -p 2 ) lx 


Zh^ p 


2^ ( 2sc ) ( S -P 2s o)(f»l P2) M 


z L ^H p 




Z H ^°$ P 


5 ( 2sc } (Pi Pz)n 




i-tsl(p 1 -p 2 ) ll 


Z H ^ + $- 


0(v 2 /f 2 ) 




-i£(l-24)(Pi-P2)^ 


z Hli $++$— 


W { 2sc \pi P2)„ 



TABLE IV: Three-point couplings of one gauge boson to two scalars. The momenta are assigned 
according to V il Si(pi)S2{p2)- All particles are the mass eigenstates and all momenta are out-going. 
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b. Four-point vertices in Tables ITI and TVH 



particles 


vertices 


particles 


vertices 


W+^HH 


lgl gilu + 0(v 2 /f 2 ) 




-j9 2 9t,u 






Att Att tttt 


-y 2 y^ 


Wt u W„ u HH 


2 y 2sc 


Zl^lZhvHH 


2 c w 2sc 9/iu 


7 A U LI 


1 qq> (c"-*") „ 

2 c w 2s'c' y^ v 


7 A LI TJ 


i99 scs ' c ' 9 /if 


W + W~ JJ<$>° 




w+ w- ff<f>° 


-^soy^ 


Z LfX Z Lv H& 


TcI s o^ 


Z Hli Z Hv H*° 

A tt Att LI (T)0 


19 2 

y 2 


' (c' 2 -s' 2 )^ 
1 s'^c' 2 






29 2sc S 09^ 


z Lli z Hu H*° 


2 c w 2sc b 0yfiu 


ZLhA-HvH® 


3igg> (c™-s«) „ „ 
2 c w 2s'c' b Oyfiu 


V /I Z_TrF»0 

ZhhAhvH® 


i99'^[(c 2 s» + sW) 
+2(c 2 - s 2 )(c' 2 - s' 2 )] s g, u 


W + At H<t>~ 


2 e i/v i '+ V ^ b Q)yfj,v 




2 e 5 ( 2sc ] ( s + V2so)y^ 




2 c w L* + 6 w 
— \/2srv(1 -4- s 2 "l n 




1 a* (c*-* 4 ) r„ 

2 c w 2sc L a : 

->/2s (l + 4) 




W^A Hv H<S>- 


2^5 /( 2s 'c' ) ( S + ^V2s )g liV 




-W^v[(c 2 S ' 2 + S V 2 ) S+ 
+v / 2(c 2 - S 2 )(c' 2 - S ' 2 ) So l 


TT/+ V ZJ/f\ — 


2# 2sc S 02^ 




1 2(c 4 +s 4 ) 

2 5 25^^ 


T T 7"+ TT/"4" J_J ,l\ 

W Lu W Lv H9 


/o„- „2 „ „ 


TT/" - ! - TT7"H" ZTs¥\ 

W HuWhv H ® 


fK- 2(c 4 +s 4 ) 
V 2l 9 2s^c 2 S 09fiv 


M/+ W+ JJ<f> 


,fti n 2 {c z -s A ) 

V 2sc ^Ofi 1 ^ 






L/i ,v Lv 


. o 

JO n„„ 


Wt Wrr $°$ 


-ig 2 y^u 


Z Lfl Z Lu <f>°$° 


Cw ^ 


Z Hfl Z Hl/ <S>°<f> 
A H ^A H ^H° 


^ 4s 2 c ;j S'^ 1 ' 
/2 (c' 2 -s' 2 ) 2 
4s' 2 c' 2 




• 2(c 2 -s 2 ) 

^fl 1 2sc 9/JU/ 


Z l ^Z h ^H° 


o-g 2 (c 2 -s 2 ) 

ZZ c w 2sc 5^ 


Z Lfl A Hu ^° 


r li'r 1 y^ v 


Zh^Ahv® ® 


zi yy iscs'c' 9nv 


W^A Lu ^- 






i (c 2 -s 2 ) 
^/2 e 9 2sc 9iiu 




_ 7I + s ™)9n» 


W^Zlv&Q- 


v^c w 2sc l x + W 




^99^ 2s' c' W 


W+^A Hu $°<f>- 


i /(c 2 -s 2 )(c' 2 -s' 2 ) 
2^/2,99 scs'c 1 9/w 


w+^z Hu ^- 


^2,9 2sc 9iiv 


W+^Zh^H- 


i n 2(c 4 +« 4 ) n 
^2.9 2s i c 1 9fiu 




\^iy 2 9tiu 




V2ig 2 ^^y^ 




-^^pg^ 







TABLE V: Four-point gauge boson-scalar couplings. 
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particles 


vertices 


particles 


vertices 








-ig 2 g^u 


z LlI z Lu $ p <s> p 


w 


z Hll z Hv $ p <s> p 

A Htl A Hu $ p <S> p 


- 2 (c z -s z y z 
l% 9 As -i^ sv 

Zl 9 4 s '' 2 c'' 2 9fif 


w^w Hu ^ p 


• 2(c^-s^) 

ig 2sc 'g^u 


Z Lfl Z Hu $ p <S> p 


n .g 2 (c z ~s z ) 

11 c w 2sc 9fiu 


Z Lil A Hv § p <$> p 


2 * c w Is'd 9ii,v 


Z H ^A Hu $ p $> p 


. ,(c z -s z )(c rz -s' z ) 
Zl 99 iscs'c' 9nv 


W^A Lv ^- 


72 e 99v> 




1 {c*—s z ) 
^/2 e 9 2sc 9\xv 


w^z Lu $ p <s>- 


73 1^ 1 + s V)9nv 


W^Z Lu ^ p ^' 


1 9 2 M . „2A 
^c w 2sc \ 1 ^ b w)9vv 


W+ li A Hv * p $- 


[K , (C"-S") 

V2gg 2s' & 9^v 


W^A Hu <5> p $- 


1 /(c^-s^^-s'^) 
2y/2~99 scs ' c ' g^v 


W^Zhu***- 


1 2(c^-s 2 ) 
^2.9 2sc 9pv 


W+^Zh^®- 


1 n 2(c 4 +^) n 

2s i c 1 9iiv 




-V2g 2 gu,v 




V2g 2 ^g» v 




ZSC ^ r 








2i# 2 y> 




2ig As 2 c / g^v 


z Lt ,z Lu <s> + <s>- 


£ V O O - IV 111/ 


Z Hll Z H v<& + <5>~ 

u *~ti fX u L _ti V ^ * 


—lie?' . \ ., q,,u 
2ia' 2 ^'ww/q,,,/ 


A Lfl Z Lu <$>+$- 


2Z 6 SittQiII/ 


A Hfl Z Hu <5> + <5>- 


o(« 2 // 2 ) 

V 1 J / 


wt„wz v & + &- 

Lfi tiv 


^ 2sc 3h LL/ 


A Lll A H u§ + <$>~ 

z Lfl z Hu $+$- 


,(c' z ~s") 
- 17 is C JA*^ 

0(^ 2 // 2 ) 


A Lfl Z Hv <$> + $- 


0{v 2 /f 2 ) 


Z L ^A Hu <S>+<S>- 


Z c w 2s' c' S wyM^ 

.7 -r 




Ziegg^u 


W+^Al^+Q- 


3?e f 2sc 




i£(l-34)^ 




V w 2sc V 1 ^ b w>g^ 


W^AhvQ+Q— 




W^Ah^+Q— 


i /(c 2 -s 2 )(c' z -s' 2 ) 

2 gg scs ' c i g^f 




1 „2 (c^— s 2 ) „ 
,/9# 2sc 


W+^Zh^+Q- 


1 n 2(c 4 +s 4 ) 


w+ u we„*++*- 


ig 2 g^u 




-ig 2 g^u 


A Llt A Lv * ++ $— 


2ig(l-24)V 

C w « " f* 


z Hli z Hv * ++ *— 

A Hfl A Hu <S> ++ <$>- 


g^v 

^ % g 4 S '2 C '2 


A Lfl Z Lu $++$- 


4ie^(l-24)^ 


A H ^Z Hv <S>++<S>— 


. ,{6 i -s z ){c>- i -s ri ) 

zi gg iscs'd 9iiv 




*0 2sc ^ 


A Lll A Hv $ ++ $- 

z Lli z Hv * ++ *— 


4ieg 2s , c , 'g^ 

Z c w 2sc V 1 Zb w)g^u 


A Lli Z Hv $++$— 


4*e<? ( 2sc ^ 


Z L ^A Hv <5>++<5>- 


Z< c w 2s'c' ^ Zb w)g^ 



TABLE VI: Four-point gauge boson-scalar couplings, continued. 



c. Gauge boson self-interactions 

The gauge boson self-couplings are given as follows, with all momenta out-going. The three- 
point couplings take the form: 

vr(k 1 )V 2 ^k 2 )V 3 p (h) : -ignws [g^ih - k 2 y + g vp {k 2 - hy + g m (k 3 - • (Bl) 



The four-point couplings take the form: 

W^W^W 3 - p Wr : -Ww+w+w 3 -w A - W9 P " ~ S^sT - 9 vp sT) 

vrvzwfwr : ig VlV2W + W2 - (W v g p ° - 9 w g v ° - g vp gn- 

The coefficients g Vl v 2 v 3 , 9 Vl v 2 w+w^ and 9w+w+w^w^ are S iven in Table EIO 



particles 


9wwv 


particles 


gwwv 


W + W~ A r 

vv L L L 


— 6 


W + W~ Zr 

W L L 


cc w /s w 


WfW7A H 

L L n 


e v 2 B' 
s w p w 2 


WfWTZ H 

L L n 


-^£(c w xf + sc(c 2 -s 2 )) 


W + W~ A t 
L H L 


n 


W + W~ 7,r 










—e/s w 


W]jW H A L 


— e 


JJ7"\~JJtr — r / 

W]jW H Z L 


1 


W+W H A H 


e £ ( r „^- sZ ) + r r B '\ 


W+W H Z H 


e (c'-a*) 


Sw 7* \ XH sc + C ™ X Z J 




particles 




particles 


Qw+w+w^w^ 


W L W L W L W L 


~9 2 


W L W L W L W H 


-g 2 sc(c 2 - s 2 )v 2 /4f 2 


W L W L W H W H 


~9 2 


W L W H W L W H 


-5 2 /4 




g 2 (c 2 - s 2 )/2sc 




-g 2 (c 6 + s 6 )/s 2 c 2 


particles 


9v x v 2 w+w~ 


particles 


9V!V 2 W+W~ 


A L A L W£W£ 


~9 2 si 


A L A L W+W„ 


-g 2 si 


Z L Z L W+W£ 


~9 2 cl 


Z l Z l W+Wh 


~9 2 cl 


A L Z L W+W£ 


2 

9 ^w^w 


A l Z l W+Wh 


2 

9 <~>\\'Cw 


A L A H W+W£ 


g 2 s w c w x%v 2 /f 2 


A l A h W+Wh 


g 2 s w c w xfv 2 /f 2 
+g 2 s v x H ji{c 2 - s 2 )/sc 


A L Z H W+Wl 


g 2 s w c w xfv 2 /f 2 
-g 2 s w sc(c 2 - s 2 )v 2 /2f 2 


A l Z h W+WJj 


g 2 s w (c 2 - s 2 )/sc 


Z l Z h W+Wl 


g 2 (cl-sl)xfv 2 /f 2 


Z l Z h W+Wh 


g 2 c w (c 2 - s 2 )/sc 


Z L A H W+W£ 


9 2 c 2 w x B z 'v 2 /f 2 


Z l A h W+Wh 


g 2 c 2 w xfv 2 /f 2 
+g 2 c w x H ^{c 2 - s 2 )/sc 


A H A H W+W£ 




A H A H W+W H 




ZhZhW+WZ 


-9 2 


ZhZhW+Wh 




Z H A H W+W£ 


-g 2 x H v 2 /f 2 


Z h A h W+Wh 


-g 2 x H ^(c G + s e )/s 2 c 2 
-g 2 c w xf - s 2 )/sc 


A l A l W+Wh 





A h A h W+Wh 




z L z L w£w H 


-2g 2 c w xTv 2 /f 2 


ZhZhW+Wh 


g 2 (c 2 - s 2 )/sc 


Z l A l W+Wh 


-g 2 s w xfv 2 /2f 2 


z h a h w£Wh 


9 2 X H Jl{c 2 - S 2 )/SC 

+g 2 c w xfv 2 /f 2 


A L A H W+W„ 


-g 2 s w x H v 2 /f 2 


A L Z H W+W„ 


-g 2 s w 


ZlAhW+Wh 


-g 2 c w x H v 2 /f 2 


Z l Z h W+Wh 


-g 2 c w 



TABLE VII: Gauge boson self-couplings. 
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2. Couplings between gauge bosons and fermions 



The couplings between gauge bosons and fermions are given in Tables IVIIII and IIXI The 
charged gauge boson couplings to fermions in Table IVTTT1 are all left-handed, and the projection 
operator P L — (1 — 7 5 )/2 is implied. We define %l = Af / (Af + A 2 ,) to shorten the notation. 



particles 


vertices 


particles 


vertices 


W^u L d L 


& l-^c 2 (c 2 -. 2 ) rV u ^ 


W£»u L d L 






£ 1-^(^| + Ic 2 (c 2 - S 2 )) 7 ^J M 


W^t L b L 




W+»T L b L 




W+"T L b L 


^/2j X L s l v tb 



TABLE VIII: Charged gauge boson- fermion couplings. They are purely left-handed, and the projection 
operator P L = (1 — 7 5 )/2 is implied. 

For the neutral gauge bosons in Table 11X1 we write the couplings to fermions in the form 
27 M (fiV + 9a1 5 )- The fermion charge assignments under the two U(l) groups are given in Table 
HI requiring only gauge invariance of the scalar-fermion couplings in Eq. (}2"4*j) for the top quark 
and similar equations for the other fermions. The additional requirement that the two U(l) 
groups be anomaly-free fixes y u = —2/5 and y e = 3/5. 
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particles 

A L ff 
Zluu 



av 

~ e Qf 



_^2_ 

2c w 

+ 



^s 2 ) 



15 



w 

1J2 



c/2s 



9a 



2c» 



2 p 

EjL (l 

'd V 5 



Cw x 



1J2 



f'c/2s 



Zidd 



9 

2c w 



+- 



X Z 



W /o 

"Cw^^ Cj AS 



^Uu ~t~ ^5 "H f;C 



2c w \2 



+- 



«'c 



-H + ^ 2 



2c„ 



(H + 24) 

(2y e - 



V 2 



Cw X 



c/2s 



9 i 3„/2 
5 ' 2 C 



+ - 



{I 

w x Z / 1 

sV v 5 



g_ J X 

2c w 1 2 T 2 



C\K/X 



fc/2s 



±c' 2 

2 C 



Z L vv 



_^2_ 

2c w 



t^- (y e 



CVX^ c 1*2,3 



± + -d 2 

5^2° 



2c„ 



jf- {-y e + 



Cw x 



fc/2s 



1 J2 



Z L tt 



+'- 



TjTTTTl 

2c„ \^2 



+ 



§c' 2 + 



V 15 3 L y A^+A| 



_g_ J_I _ 

2c w \ 2 /2 

'c' \,5 



x^/2 CwX^ c/25 



+ 



i c /2 



1 A? 
5Af+A| 



ZlTT 

z L ft 



2gs 2 v /3c w 
igx L v/Afc 



-igx L v/Afc v 



Ahuu 
A H dd 
Anee 
Ahvu 



2s' c 



V 2 

15 6° 



9 
2s' c' 



I _ ± r ' 2 

5 2 L 



2 f' c / ( 2 2/m +15 + 6' 



2^'c' ( 2 ^e 



a 

2s'c' 



>Jc 



11 

15 

£ _l 3„/2 N 
" 5 "i" 2° 

4 , 1^2' 

5 ^ 2 C 



9' f_li l r >2^ 
2s' c' \ 5 2 U 



9 

2s' d 



5 ^ 2 L 



2.s' 



7g7 (~2/ e + 



4 _ 1^2 

5 2 L 



A H tt 

A H fT 
A H ft 



9 i r ! \ tyu + \ 5 



2s'c 



5J2 



5 Af+Aj 

-Jt-(2v +M_ 4/2,1^? 

2d d y^yv, -r 15 3 l 

g' 1 AiA 2 
2gg 5 A 2 +A^ 



a 

2s' c 7 



5Af+Aj 



1 _ IJ2 _ 1 Aj 
5 2 C 5 A^+Af 
g' 1 A? 
2s' c' 5 Af+A| 

g' 1 AiA 2 
2gg 5 A^+A^ 



Zhuu 
Ztfdd 
Znee 
Zhvv 



gc/As 
-gc/As 
-gc/As 

gc/As 



-gc/As 
gc/As 
gc/As 

-gc/As 



Z H it 
Z H TT 

z H ft 



gc/As 
0(v 2 /f 2 ) 
-igx L vc/Afs 



—gc/As 
0(v 2 /f 2 ) 
igx L vc/Afs 



TABLE IX: Neutral gauge boson- fermion couplings. The £7(1) charge assignments are given in Table 
[U Anomaly cancellation requires y u = —2/5 and y e = 3/5. 
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3. Couplings between scalars and fermions 



The scalar- fermion couplings are listed in Table [X] 



particles 


vertices 


particles 


vertices 


Huu 


-i*** ( 




2v 2 ' 

w, 


) 


Hdd 


i m d ( 1 1 c 2 i v sq_ 2v' 2 \ 
l —\ l -2 S + J^2 W) 


Hit 


A ra t 
1 V 

+ P 


1 12 , _ 2 
1 2 S 0+ /v ^ 3 

A? . A? N] 


V 2 

T 


HTT 


■> A i Til X i \ v 
Va?+A| \ ' A 2 +A 2 j / 


HTt 


v f \ 




Ai 




HIT 


v f \ 








\'f+xl) PL 


v / a?+a^ Pa 


TT T T±± 

HHtt 


i-pr 


1-^-1 


A 




HHl 1 




i A 2 




Al 


+A1 


/ J\ 2 +\ 2 


HHTt 


2v 


1 _ 2jV _ 


1 

2 


A? ■ 




HHiT 


2v A 2 


1 _ 2/«' _ 


1 A l ' p D 
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TABLE X: Scalar-fermion couplings. 
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